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IN spontaneously active Purkinje fibers, a fast drive usually is followed by a transient period of quiescence ("overdrive suppression," see Vassalle, 1977) . However, there are situations (e.g., in the presence of norepinephrine) in which the fast drive may be followed by the induction or acceleration of spontaneous discharge ("overdrive excitation," Vassalle and Carpentier, 1972) . Overdrive excitation can be shown to occur also in the ventricle of dogs with recently induced complete atrioventricular block (Vassalle et al., 1976a and to be favored by sympathetic stimulation, norepinephrine administration, and calcium infusion (Vassalle et al., 1976b) .
The mechanism of overdrive excitation is not clearly understood and it has been postulated that the induction of a fast rhythm in vivo may be due to the development of an oscillatory potential superimposed on diastolic depolarization (Vassalle et al., 1977) . In fact, it is known that, in the presence of an increased extracellular calcium concentration, an oscillatory potential is present during diastole and becomes exaggerated with fast drive (Temte and Davis, 1967) . Furthermore, overdrive can induce oscillatory potentials leading to triggered activity (Cranefield, 1975; Wit and Cranefield, 1977) in canine Purkinje fibers exposed to norepinephrine and calcium (Valenzuela and Vassalle, 1978) .
Oscillatory potentials ("transient depolarizations") develop also in the presence of cardiac steroids (see Ferrier, 1977) and can cause triggered activity. These transient oscillations are caused by a transient inward current induced by cardiac steroids (Lederer and Tsien, 1976; Aronson and Gelles, 1977; Hiraoka, 1977) . The fact that overdrive excitation can be obtained in the absence (Vassalle and Carpentier, 1972; Wit and Cranefield, 1976; Wald et al., 1977; Valenzuela and Vassalle, 1978) as well as in the presence of cardiac glycosides (Wittenberg et al, 1970; Davis, 1973; Ferrier et al., 1973; Hogan et al, 1973; Rosen et al, 1973; Cranefield and Aronson, 1974) elicits the question as to whether the current underlying the oscillatory potentials occurs under normal conditions and is enhanced by different interventions such as exposure to norepinephrine, high calcium, and cardiac steroids. In fact, S.L. Lipsius and W.R. Gibbons, in the course of a study on the recovery of contraction (unpublished observations) , have observed a transient inward current in the absence of digitalis; this current becomes larger after longer depolarizing clamps or when [Ca 2+ ] o is increased. Lederer (1979a, 1979b) have shown a similar current when the external potassium concentration is reduced to zero.
The aim of the present experiments was to characterize by means of a voltage clamp technique the factors which are of importance in generating the current responsible for the oscillatory potentials. Also, procedures were carried out to clarify whether this current can be separated from other known currents. Finally, tests were made to determine whether several procedures known to increase cellular calcium (exposure to norepinephrine, strophanthidin, low potassium, high calcium, repetitive clamps) also increase the current underlying the oscillatory potentials. The current being investigated will be referred to as the "oscillatory current" (I os ; Aronson and Gelles, 1977) as this current (and the corresponding oscillatory potentials, Ferrier, 1977) frequently shows multiple peaks.
The present experiments were carried out in the period from January to June 1978 and a report has appeared in abstract form .
Methods
Twenty-five sheep were electrocuted and the heart was quickly excised. False tendons were dissected from the ventricles and were kept in oxygenated (95% O 2 , 5% CO 2 ) Tyrode's solution. Under a dissecting microscope, a fine branch was cut and transferred to a tissue bath. Short segments were obtained by crushing the branch with an array of parallel stainless steel wires spaced at 1.6 mm (Aronson et al, 1973) .
The composition of the Tyrode's solution in mM was: NaCl, 137; KC1, 2.7; MgCl 2 , 1.05, NaHCO 3 , 13.5; NaH 2 PO 4> 2.4; CaCl 2 , 2.7; dextrose, 5.5. The concentration of KC1 and of CaCl 2 was varied in different experiments, as will be indicated when appropriate. A pump (model RL155; The Holter Co.) was used to perfuse the Tyrode's solution at a constant rate. The experiments were performed at 36-37°C.
Membrane potentials were recorded by means of two glass microelectrodes filled with 3 M KC1. The tip of one microelectrode was inserted intracellularly and that of the other was placed in the solution near the preparation. The membrane potential was measured differentially with two high input impedance electrometer amplifiers (Picometric model 181, Instrumentation Laboratory, Inc.). The output of the Picometrie amplifiers was fed into a low-drift differential amplifier with a gain of 100 and from there to a storage oscilloscope (D15 single-beam storage oscilloscope; Tektronix, Inc.), to a type 502 dual beam oscilloscope (Tektronix, Inc.) and to the summing point of the voltage clamp amplifier (Teledyne Philbrick 1022).
The current-passing electrodes were filled with 2 M potassium citrate. The electrodes were filled by boiling under vacuum. The current electrode was inserted in the center of the preparation and the voltage electrode was inserted half-way between the current electrode and the end of the segment. A grounded shield was placed between these two electrodes to reduce capacity coupling.
The membrane current was recorded through a silver-silver chloride wire connected to an Analog Devices 48K amplifier (Analog Devices Inc.). The output of this amplifier was displayed on the oscilloscope with the membrane voltage. The traces were photographed with a camera (Kymograph Camera model C4H; Grass Instruments) and were also recorded on a FM tape recorder (Store 4; Lockheed Electronics, Inc.) at 15-30 inches/sec (ips). The records were played back from the tape into paper (2-5 mm/sec) by means of a 3-channel charter/recorder (Gould Brush 2400) usually at a tape speed of 3.75 ips. On occasion, the current recorded on paper was filtered provided no distortion was introduced in the current record. The holding potential was set by an adjustable DC voltage and command signals were provided by a digital timer and a voltage source (see Gibbons and Fozzard, 1971) .
The short segments of Purkinje fibers depolarized when crushed but then usually recovered to a resting potential of about -70 mV. On stimulation, action potentials were recorded. The holding potential (Vh) was usually in the range of -60 to -80 mV. Voltage clamps to various values were usually applied at intervals of 2 minutes. Norepinephrine (Levophed bitartrate; Winthrop Laboratories) and strophanthidin (Sigma Chemical Co.) were used in some of the experiments. When a procedure was carried out more than once in a given experiment, the results were averaged. The results obtained in different experiments are expressed as means ± SE.
Results

Characterization of the Oscillatory Current
In this section, the voltage-and time-dependence of the oscillatory current will be reported.
Depolarization and the Oscillatory Current
Oscillatory potentials appear after (and not before) action potentials (Temte and Davis, 1967) , and this is true also in the presence of cardiac steroids (Ferrier, 1977) . Therefore it is reasonable to assume that the oscillatory current should require a previous depolarization in order to appear. The magnitude of the depolarization required for an oscillatory current to be induced on repolarization is unknown. The protocol adopted to investigate this point was to apply clamps of 2-second duration from the holding potential in a depolarizing direction to different potential values. The results obtained are illustrated in Figure 1 . The potential and the current records before, during, and after the clamps have been retraced from the original records at the top of the figure. The bottom four traces are the original records obtained at higher magnification with clamps from a holding potential of -78 mV to -43, -28, -10, and +7 mV, The 2-second clamps were applied from a holding potential and +7 mV as indicated in the figure. During the clamp at -43 mV, a slow inward current flowed and was followed by a steady outward current. As the preparation was clamped again to the holding potential, only the tail of the decaying pacemaker current was present. When the fiber was kept at -28 mV for 2 seconds, the subsequent tail of the pacemaker current shows an inward component which was fairly shallow. The clamp at -10 mV was followed by the usual decay of the pacemaker current on which a distinct surge of inward current peaked after about 1 second. This major peak of current was followed by a smaller second peak. After the clamp at more positive values (+7 mV), typically the first peak of the oscillatory current developed sooner (about 0.5 second) and the second peak was more distinct.
In the presence of 2.7 mM K, the depolarization needed for the subsequent appearance of I os was -23 and -17 mV in two experiments (no I os in a third experiment). In the presence of 5.4 mM K, the depolarization needed was -33, -18, and -12 mV in three experiments (no I os in two more experiments). The average value for the five experiments in which the I os was present was -20 ±3 mV. A similar value was obtained in the presence of 5.4 mM calcium (-16, -17, -26 mV) or 8.1 mM calcium (-43, -28 mV) : the average value for the five experiments with higher calcium was -26 ± 4 mV. It should be pointed out that when the oscillatory current appeared it gradually increased with stronger depolarization as shown in Figure 1 . The values reported are those at which I os first became recognizable.
Repolarization and Oscillatory Current
The experiments reported above show that the oscillatory current appears at the holding potential only after a conditioning clamp to or beyond = -20 mV. The question arises as to whether there is a voltage to which the fiber must be repolarized for the oscillatory current to appear. In the procedure adopted, the conditioning clamp (usually of 2-second duration at about 0 potential) was followed by a test clamp (usually of 5-second duration) to various potentials. As shown in Figure 2 , the retraced records show that, during the conditioning clamp at -1 mV, the early outward current was present, as expected. During the test clamp at -26 mV, a tail of outward current resulted from the deactivation of the plateau current I x i. A clear oscillatory current superimposed on the outward current tail appeared only when the membrane was clamped at -44 mV. Typically, clamping at a more negative voltage (-60 mV) resulted in a well-pronounced oscillatory current which attained its peak at a later time. Returning to -77 mV without an intervening test clamp resulted in an oscillatory current superimposed on the tail of the pacemaker current.
The value of the test clamp required for the appearance of the oscillatory current was measured in 18 experiments. In three experiments, there were no I os on repolarization or I os appeared only after very long clamps. In seven experiments in normal Tyrode's solution, the repolarization needed for the appearance of I os was -38 ± 2 mV (range, -28 to -44 mV). In four experiments with higher potassium (5.4 mM) this value was -33 ± 4 mV (range, -22 to -44 mV). In four experiments with higher calcium (5.4 mM), the value was -45 ± 1 mV (range, -43 to -48 mV).
Duration of the Depolarizing Clamp and I os
In the experiments so far reported, the test clamp duration was kept constant and the I os was studied as a function of the voltage imposed. In another series of experiments, the clamp voltage was kept constant (about 0 mV) and the duration of the clamp was varied. As illustrated in Figure 3 , the duration of clamp (applied from a holding potential of -64 to 0 mV) was increased progressively from 100 msec to 5 sec. The 100-and 500-msec clamps were followed by the decay of the pacemaker current with no clearly recognizable I O8 . As the clamp duration was increased to 1 second, the oscillatory current appeared superimposed on the pacemaker current and became more pronounced as the duration of the clamp was increased to 2 and 5 seconds. As usual, the time to peak decreased as the duration of the clamp was increased. In one experiment, Ios appeared after 300 msec clamp. In 11 experiments in Tyrode's solution, the oscillatory current appeared after clamps of 1 second (seven experiments) or after longer clamps (four experiments). Thus, I os , in order to appear, requires not only a depolarization and repolarization of a given magnitude but also a minimal duration of the clamp. It should be noted that we did not study the appearance of I os as a function of other possible variables (e.g., hyperpolarizations followed by depolarizations or with pulses lasting minutes). However, with the several procedures studied, the values obtained for the appearance of I os were fairly consistent.
Potential Range of the Oscillatory Current
The results illustrated in Figure 2 suggest that if the oscillatory current appears during the test clamp at suitably negative potential, its amplitude and time to peak may decline at potential values in the region of the resting potential. This would suggest that, at more negative potentials, I os may decrease and eventually disappear. As illustrated in Figure 4 , the conditioning clamp (from a holding potential of -70 mV to +4 mV) was followed by test clamps at -45, -50, -60, -70, -80, -90, and -94 mV. At -45 mV, I os was already present and its amplitude decreased as the test clamp was set at more negative potentials: I os was very small at -90 and unrecognizable at -94 mV.
In 10 experiments, the I os either disappeared at values more negative than -90 mV or was much smaller with respect to less negative clamps.
The Events Underlying I os can be Triggered More than Once
To determine whether the I os can be triggered more than once, different voltages were imposed in 5000 ms succession. In Figure 5 , the top strip shows the retraced voltage records of the conditioning and test clamps and the second trace shows the current record for one of the procedures (test clamp at -44 mV). The third and fourth traces show the current record obtained at high magnification with the test clamp at -44 and -61 mV, respectively. In this experiment, the holding potential was -78 mV and the conditioning clamp was at -2 mV for 2 seconds. With the test clamp at -44 mV, an Io S with the usual characteristics appeared, but on returning to the holding potential, the oscillatory current again was present, smaller in size and peaking later. When the test clamp was more negative (fourth trace), the I os at -61 mV was larger than at -44 mV, but was smaller than in the previous run on returning to the holding potential. The figure shows that the Ios can be triggered twice: if the effect of the test clamp is enhanced, the effect of the second step is decreased, suggesting that the same phenomenon can be triggered twice after a conditioning clamp and the magnitude of the two triggered currents is inversely related. Similar results were obtained in six experiments in Tyrode's solution and in seven experiments in high (5.4 or 8.1 mM) calcium solution.
The Separation of the Oscillatory Current from Other Known Currents
The oscillatory current could be related to any of the currents that flow during the action potential.
Alternatively, the oscillatory current could be separable from any of the known currents and therefore be unaffected by conditions that markedly alter the other currents. The results bearing on these points are reported under the heading for the different currents.
The Fast Sodium Current
At the beginning of a clamp positive to the threshold for the fast sodium current, sodium should enter the cell and more so if the voltage is not controlled during the first few milliseconds (Trautwein, 1973; McAllister et al., 1975) . However, if the potential is maintained at a value sufficiently positive to the resting potential, the fast sodium channel is inactivated (Weidmann, 1955) . Therefore, to test the role of the fast sodium current in the induction of I os , a depolarizing clamp was applied from two potentials at which the sodium carriers are either available or inactivated. In Figure 6 , retraced voltage records of three clamp procedures are shown at the top and the currents flowing in response to these voltage clamp steps are shown in the three original traces below. The holding potential in this experiments was -74 mV. In one test, the potential was clamped at -45 mV for 7 seconds and the current is shown in the second trace. At the recording speed used, the only clear deflection is the slow inward current. On return to the holding potential, there was no oscillatory current. Therefore, if the fast sodium current flowed at the beginning of the clamp due to insufficient voltage control, this did not lead to the appearance of the oscillatory current. In the third trace, the voltage step to -45 mV was applied for 2 seconds. At the end of this period, the fast sodium channel should have been substantially inactivated. Yet, a second step to 0 mV was followed by a distinct I os as the membrane potential was returned to the holding value. This shows that I O8 failed to appear when the fast sodium current was allowed to flow and appeared after a clamp that should not have activated the fast sodium channel. Furthermore, (fourth strip) the I os became larger when the second step was more positive (+23 mV) which would be expected to reduce any residual fast sodium current.
When a clamp was applied for 2 seconds from the holding potential to zero mV, an I os was present on returning to the holding potential (not shown). That the fast Na current plays no role in the I os is supported by the fact that when the holding potential was kept at -30 mV (and therefore the fast sodium channel should have been largely inactivated), Ios appeared during hyperpolarizing clamps. That the Ios recorded is the same current that is recorded after clamps from the resting potential is shown by the fact that Ios took longer to reach its peak at more negative potentials (as seen above) and became larger if [Ca 2+ ] o was increased (see below).
The Early Outward Current
When the potential is held at a depolarized level (= -30 mV), not only the fast sodium current but also the early outward current (Deck and Trautwein, 1964) should be inactivated (Trautwein, 1973; McAllister et al., 1975 ). Yet, as reported above, the Ios appears with clamps at more negative potentials. That the early outward current (I qr ) is indeed largely inactivated when the potential is kept at a low level can be demonstrated by applying a depolarizing clamp first: only a time-dependent increase in an outward current (I x i) appears and, on subsequent clamp at more negative values, the I os is present (see, e.g., Fig. 7 ).
Other lines of evidence also show that the I os can be separated from the early outward current. Thus, in certain experiments, I os may be present after clamps at potential values at which the early outward current has not been activated (see below). Furthermore, repeated pulses cause a gradual decrease in the early outward current and a progressive increase in I os (six experiments). When in a series of 10 depolarizing clamps the ninth was omitted, the early outward current associated with the tenth pulse increased once more but I os was little affected. Furthermore, with longer clamps, I qr becomes progressively more inactivated, whereas, in contrast, the ensuing I os becomes larger.
The Plateau Outward Current l x \
In Figure 7 , holding the potential at -24 mV and applying a clamp to +14 mV (top traces) caused I x i to flow (second trace) and a decaying tail of I x i (without an I oa ) on returning to the holding potential (third trace). When the same depolarizing clamp was applied again, the I x i was the same, as expected. To make the I os appear, it is only neces- sary at the end of the depolarizing clamp to apply an 11-mV hyperpolarizing clamp (at -35 mV). This and three other similar experiments show that the I os can be separated from the decaying I*i.
It could be proposed that I x i becomes oscillatory when the potential is sufficiently negative. This explanation is made unlikely by the finding illustrated in Figure 8 . The retraced voltage records are shown at the top of the figure. The holding potential was -26 mV and a 2-second conditioning clamp was applied at +7 mV. The conditioning clamp was followed by a 5-second test clamp at-38, -48, -59, and-70 mV in different tests. The second trace shows the current record in response to the conditioning step and the test step at -70 mV. The third, fourth, fifth, and sixth traces show the oscillatory current superimposed on the tail of I,i at voltages of -38, -48, -59, and -70 mV, respectively. The figure shows that: (1) the tail of I x i becomes smaller than Ios at more negative values; (2) at the potential of -70 mV, the tail of In became inward but Ios did not reverse. It is apparent that the different clamp steps affected Li and Ios differently. It was a consistent finding that reversal of the I x i tail was not accompanied by a reversal of Ios.
The Phasic Slow Inward Current
The following experiments show that the Ios can be separated from the phasic slow inward current. The threshold for the appearance of the phasic slow inward current and I os is different and, with clamps from the resting potential to = -40 mV, the phasic slow inward current (but not the I os ) is present (10 experiments, see Fig. 6 ). Conversely, a clamp from a low (= -30 mV) holding potential to =* -60 mV elicits an I os but not the phasic slow inward current. With a depolarizing two-step clamp (-45 and 0 mV), the phasic slow inward current is present only at the beginning of the first step but I os appears only after the second step (Fig. 6) .
In the same experiment as in Figure 6 , calcium was increased to 5.4 mM and part of the protocol illustrated in Figure 6 was repeated in Figure 9 . Namely, the potential was clamped from a holding value of -74 mV to -45 mV for 7 seconds (first and second traces in Fig. 9 ) and to -45 mV for 2 seconds and to 0 for 5 seconds (third and fourth traces). In the higher calcium solution, the phasic slow inward current flowing in response to a -45 mV clamp was larger (compare Figs. 6 and 9), but still no I os followed the clamp at -45 mV (similar results in four experiments). After the second step to 0 mV, the Ios was bigger than in the lower calcium solution (compare Figs. 6 and 9 ). The findings show that calcium is indeed important, both for the induction of I os and for the phasic slow inward current, but that these two effects of calcium are separable. This is further supported by the fact that a depolarizing clamp of a short (50-200 msec) duration elicits a phasic slow inward current as large as that of a longer (2-second) pulse, but the oscillatory current appears only after the longer pulses. In fact, if a pulse is short enough (50 msec), there is a phasic inward current also after the end of the pulse but this does not bring about the I os -
The Pacemaker Current
Positive shifts of the pacemaker reversal potential following prolonged depolarizing clamps have been reported (McAllister and Noble, 1966) , presumably due to an accumulation of K + outside the cell membrane. We found that when the membrane potential was clamped beyond zero to positive values on returning to the holding potential the tail of the pacemaker current often reversed and more so the longer the clamp. Yet, under no circumstances did the I os reverse (six experiments). One could object that, with long clamps to positive potentials, there is a more pronounced activation of Li or I X 2 (the latter due to K + accumulation?) and that the apparent reversal of the pacemaker current is in actuality due to an inward tail of one or both of the plateau currents I x i and I X 2. This possible objection does not apply to several other findings which show a dissociation between the pacemaker current and Ios.
Thus, beyond a certain value, depolarizing clamps of different magnitudes or durations should be followed by unchanging tails of pacemaker current; yet, the oscillatory current becomes larger after larger or longer clamps. Furthermore, after clamps to about = -50 mV, the tail of the pacemaker current attains its maximal value (Noble and Tsien, 1968 ) but I os is absent. More generally, no I™ was recorded during or after clamps over the activation range of the pacemaker current. With the holding potential at a depolarized value (= -30 mV), the pacemaker current should have remained activated (and therefore not vary) on clamping at about -60 mV: yet, I os appeared then. In Figure 10 , the potential was clamped from -26 to -60 mV (first trace): the tail of pacemaker current was absent (no deactivation) and the I os present (second trace). When a depolarizing clamp was applied from -26 to +7 mV, there was a small I os superimposed on the tail of the decaying I x i on returning to the holding potential (fourth trace). When the same depolarizing clamp preceded the test clamp at -60 mV (fifth trace), the I os became bigger (sixth trace)-yet the conditioning clamp should not (and did not) affect the pacemaker current. These results are not compatible with a role of the pacemaker current in the Ios.
Interventions which Enhance the Oscillatory Current
The experiments presented thus far show that the oscillatory current requires a previous depolar- ization to about -20 mV and a subsequent repolarization to about -40 mV in order to appear. These findings are of interest in that -20 mV is the threshold for the appearance of tonic tension (Gibbons and Fozzard, 1971) and, therefore, the development of tonic tension and of I O8 could be interrelated somehow. Since tonic tension may be caused by a calcium release unrelated to the slow inward current (Morad and Goldman, 1973; Goto et al., 1978) , we carried out experiments to determine whether interventions that are known to increase cellular calcium favor the onset or enhance the magnitude of the oscillatory current. The interventions or agents tested here were changes in potassium and calcium outside concentration, train of clamps, norepinephrine and strophanthidin. . In Figure 11 duration was applied from the holding potential (-73 mV) to 0 mV in either potassium solution. Both clamps were followed by a tail of decaying pacemaker current, but in the lower potassium solution the oscillatory current was larger and peaked sooner.
The effects of increasing [Ca 2+ ] o from 1.8 to 5.4 mM are illustrated in Figure 12 . A 2-second clamp was applied from the holding potential (-70 mV) to 0 mV in either calcium solution. On clamping back to -45 mV, there was an oscillatory current superimposed on the outward tail of I x i in both solutions, but the magnitude of the current and the number of peaks were obviously greater and the time to the first peak much shorter in the higher calcium solution.
It should be noted that in some preparations I os was not seen in lower K + solution, whereas in other preparations I os was seen even in the higher K + solution. However, in the same preparation, an increase in K + to higher values generally led to the disappearance of Ios. In no instances did clamping from the resting potential to a more negative potential result in an log in either low K + or higher Ca 2+ . In 12 of 13 experiments, high (5.4 or 8.1 mM) calcium made the I os appear or increased its magnitude if already present, in confirmation of the unpublished findings of Lipsius and Gibbons and of the findings of Kass et al. (1978a) with 18 mM Ca 2+ . It should be noted that increasing calcium while holding the potential to -26 mV did not result in any phasic slow inward current: applying a repolarizing clamp resulted in an I os which was larger than with a normal [Ca 2+ ] o . This suggests that high calcium was effective in enhancing I os even in the absence of an increase of the phasic inward current.
The Effect of a Train of Clamps
With repeated clamps to a low potential, the fiber calcium should increase as there is a positive staircase (Gibbons and Fozzard, 1975) . As illustrated in Figure 13 , a clamp of 500 msec (first trace) was followed by a decaying pacemaker current but not by an I os (third trace). A train of 10 clamps of the same magnitude and duration at the rate of 1/sec caused the slope of the tails to become progressively steeper and a pronounced I os to appear at the end of the train superimposed on the pacemaker current record.
It must be noted that, even with a train of clamps, no oscillatory current follows if the voltage step is not sufficiently large. In other words, the cumulative effect of repeated activity does not occur if the voltage steps cause a slow inward current but fail to reach sufficiently depolarized levels (beyond -20 mV). Thus, with clamps at about -40 mV, there was a distinct slow inward current with each clamp of the train but no oscillatory current at the end of the train.
The reason for the different effects of trains at -40 mV and at 0 mV with respect to the Ios could be that, in either instance, the calcium influx increases in the unit of time, but only with the larger clamps is calcium released from certain sites to cause the induction of I os . Alternatively, the smaller clamps increase calcium efflux more than the influx, as suggested by the induction of a negative staircase (Gibbons and Fozzard, 1975) . To distinguish between these two possibilities the following procedure was carried out. A single clamp at-6 mV was followed by I os , but a train of 10 clamps at -43 mV was not. The train was repeated once more and, at the end of the last clamp, the potential again was clamped at -6 mV: the I os that followed was smaller than when no train preceded the clamp at -6 mV. This result supports the conclusion that a smaller clamp does not increase and should decrease the intracellular stores of calcium.
Holding the potential at about -30 mV for a long period of time should be equivalent to a long depolarizing pulse. This implies that a train of hyperpolarizing clamp may decrease the I os as the time at which the membrane is at a depolarized level decreases. In fact, it was found that the I os during a single repolarizing pulse was larger than that at the end of a train of 10 repolarizing pulses of the same magnitude and duration. Thus, a train of clamps enhances I os only if they depolarize the membrane.
The Effect of Norepinephrine
The effect of norepinephrine (3 X 10~5 M) was tested, as shown in Figure 14 . The fiber was clamped from a holding potential of -75 to 0 mV for 2 seconds (top traces). The currents flowing during and after the clamp are shown by the middle and bottom traces. On returning to the holding potential, an I O8 was superimposed on the tail of the pacemaker current and was clearly larger and peaked sooner in the presence of norepinephrine. It must be added that in this preparation the I O8 appeared also with repolarization at -43, -60, and -75 mV in the absence, and at -23, -43, -60, and -75 mV in the presence, of norepinephrine. Furthermore, in the presence of norepinephrine the I os appeared also after the step at -43 mV on return to -75 mV, although there was no I O8 in the control test. That norepinephrine causes I os outside the range seen in control was shown also in another preparation in which clamps were applied from a holding potential of -68 mV to potentials ranging from +16 to -104 mV. In the control run, I os appeared only after clamps at -28 mV or more positive voltages. In the presence of norepinephrine the I oa appeared after clamps at -52, -46, and -32 mV and was larger than control after more positive clamps. With hyperpolarizing clamps from the holding potential, no I os appeared in the presence or absence of norepinephrine.
A train of clamps at -29 mV also was followed by an I os in the presence but not in the absence of norepinephrine. These findings show that norepinephrine enhances I os over a wide potential range.
Effects of Strophanthidin
The enhancement of I os by strophanthidin is demonstrated in Figure 15 . In the control test (left hand panels), a 2-second clamp from -81 mV to +6 mV (top trace) was followed by an I os (third trace) which became larger and peaked sooner as the clamp duration was increased to 4 seconds (sixth trace). In the presence of strophanthidin (right hand panels), the I os following clamps with similar characteristics was far larger and peaked sooner with respect to the controls. Also, in the presence of strophanthidin, the current peaked sooner after the longer clamp, not unlike the I os in the control run.
The Ios recorded in the presence of strophanthidin showed the usual characteristics of the I os in the absence of strophanthidin. These included the dependence of Ios on the duration, the magnitude, and the polarity of the clamp; the appearance during and after a second step; and the enhancement by a train of clamps (see below). Thus, there is little question that strophanthidin enhances (rather than inducing de novo) the I os , as suggested by Lipsius and Gibbons (personal communication). However, this enhancement includes the widening of the potential range over which the I os appears or the induction of I O8 with shorter pulses not unlike norepinephrine and, to some extent, high calcium. In Figure 16 , I os was absent when the control depolarizing clamp lasted 500 msec, but it was marked when the same clamp was applied in the presence of strophanthidin. The effect of a train of 10 pulses with the same characteristics as the single pulse is of interest in that the I os increased progressively during the train due to the more rapid development of this current. This finding provides the basis for the progressive steepening of diastolic depolariza- tion which occurs during repetitive drive in the presence of cardiac glycosides (see Ferrier, 1977) . This effect, however, is not unique with cardiac steroids, as a less pronounced I os also occurs in their absence (see Fig. 13 ). This is not surprising as there are situations (e.g., high calcium) in which a fast drive leads to a steepening of diastolic depolarization (Temte and Davis, 1967) . The importance of the potential values at which Ios is induced even in the presence of strophanthidin is demonstrated by an experiment in which the holding potential was -15 mV (not shown). In the absence of strophanthidin, 1-to 2-second clamps or a train of depolarizing clamps to +19 mV were not followed by an I os , whether calcium was normal or high. In the presence of strophanthidin, the same clamping procedures were carried out and still no Ios followed. Whereas strophanthidin was still present, the holding potential was shifted to -39 mV and a 1-second clamp to -5 mV was followed by a clear I os superimposed on a decaying tail of I x] . That the appearance of the I os was not due to the less positive value of the potential during the clamp was shown by the fact that a clamp to a more positive potential (+13 mV) increased the I os . The holding potential was shifted once more to -15 and successively to -39 mV (still in the presence of strophanthidin) and the same results were obtained. Also, repolarizing clamps from a holding potential of -39 mV to -43 or -51 mV elicited a large I os and the magnitude was enhanced while time to peak was shortened by a previous clamp to -1 mV.
Discussion
The present results show that the I os (1) can be present and has distinguishing characteristics under physiological conditions in the absence of sodium pump inhibition, (2) can be separated from other known currents, (3) is increased by interventions previously shown to increase contractile force (whether the sodium pump is inhibited or not), (4) is modified by strophanthidin, and (5) is enhanced by repetitive clamps and therefore may account for overdrive excitation under a variety of conditions.
. The first question to be considered concerns the factors that are of importance for the appearance of I os . The present experiments make it clear that if the Ios is often present in normal Tyrode's solution, it is enhanced or made to appear under conditions that lead to an increase in intracellular calcium stores above their usual value. The basis for this statement is that Ios becomes larger or appears during interventions known to increase contractile tension, presumably through an increase in intracellular calcium. Thus, lowering [K + ] o (Blood, 1975) or increasing [Ca 2+ ] o increases the contractile force in Purkinje fibers. In the absence of K + in the perfusing solution, Goto et al. (1978) have found evidence for a cellular accumulation of calcium which agrees with the finding that lowering [K + ] o has a positive inotropic effect in Purkinje fibers driven at a constant rate (Blood, 1975 ). An increase in phasic slow inward current in the presence of lower [K + ] o (Goto et al., 1978) presumably results in an increase of calcium in the cellular stores. Similarly, an increased discharge rate may result in an increase in cellular calcium stores, since the calcium entering the cell in the unit of time ought to increase and the contractile force does progressively increase (Gibbons and Fozzard, 1975; Vassalle, 1977) . The positive inotropic effect of norepinephrine is known to be brought about through an increase in calcium influx (Grossman and Furchgott, 1964; Reuter and Scholz, 1977b) due to an increase in gCa (Reuter and Scholz, 1977b) . Cardiac steroids increase the force of contraction by increasing exchangeable calcium and, in toxic amounts, intracellular calcium concentration as well (see Lee and Klaus, 1971) . These findings show that those interventions that increase the contractile force through an increase in cellular calcium stores also enhance the I os . The larger the increase in calcium, the more pronounced the I os appears to be. The mechanism by which cellular stores of calcium are increased (increase in gCa or in driving force or in number of action potentials or inhibition of the Na + -K + pump) appears to be less important.
The concept that the I os is related to cellular calcium stores elicits the question as to which conditions are required for the I os to appear. In this regard, it seems important that I os appears after a depolarizing but not a hyperpolarizing clamp. This suggests that depolarization may result in an increased cellular calcium. For the reasons already presented (see the section "The phasic slow inward current"), it is unlikely that depolarization acts by inducing the flow of the phasic inward current. The phasic inward current is necessary to maintain the intracellular stores of calcium, but is not directly responsible for the I os that follows a depolarization. The fact that the depolarization must attain a value of about -20 mV or more positive potentials in order for the I os to appear on repolarization (present results) or for a tonic contraction to appear during the depolarization (Gibbons and Fozzard, 1971) suggests that there might be a relationship between I os and tonic contraction. Since the slow inward current is not inactivated completely during long depolarization (Trautwein et al., 1975; Kass et al., 1976; Reuter and Scholz, 1977a) , calcium could creep into the fiber and elicit a tonic contraction (and refill to some extent the SR). For a sufficient accumulation of calcium, the clamp would have to have a minimum duration (or be repeated at short intervals). Also, the accumulation (and Ios) should increase as the depolarizing clamps are larger or longer or when (for a given clamp) the net influx of calcium is more (norepinephrine, high calcium).
The reason I os is initiated by the repolarization is not apparent. On repolarization, the calcium influx is cut off quickly and relaxation of the tonic contraction occurs. There is evidence for a calciuminduced release of calcium from the sarcoplasmic reticulum of the heart (see Fabiato and Fabiato, 1977) . Therefore, one possibility is that the calcium removed from the myofilaments during the relaxation of the tonic contraction somehow leads to a release of calcium from the loaded SR. Such a mechanism would be compatible with the following: (1) hyperpolarizing clamps do not elicit either tonic contraction or I os ; (2) depolarizing clamps are needed to elicit either a tonic contraction or I os ; (3) the depolarization needed for I os is similar to that needed for the tonic contraction; (4) a certain degree of repolarization would be required for some relaxation of tonic tension and for the appearance of I os ; (5) the magnitude of the tonic tension (Morad and Goldman, 1973; Goto et al., 1978) and of I os increases with more positive clamps; and (6) (Eisner and Lederer, 1979a) and I os . If more calcium is released on activation, more is taken up by the SR during the relaxation of the twitch which, in Purkinje fibers, occurs during the action potential (Lin and Vassalle, 1978) . Therefore, with interventions that presumably increase the calcium in the SR (e.g., strophanthidin or high calcium), whatever causes the release of calcium would be expected to result in a larger I os .
If the Ios and the associated aftercontractions seem to be related to a release of calcium from cellular structures (Kass et al., 1978a (Kass et al., , 1978b , it is still unclear how such an increase in cytoplasmic calcium induces I os . Also, the ionic events underlying Ios are not elucidated fully. Experiments in Purkinje fibers intoxicated with strophanthidin have shown that transient oscillations (see Ferrier, 1977) are reduced by lowering [Na + ] o (Lin and Vassalle, 1978) . In fact, strophanthidin-induced arrhythmias are delayed or absent in a low sodium and appear sooner in a high sodium solution (Lin and Vassalle, 1978) . If already present, the arrhythmias are abolished by low sodium solution (Lin and Vassalle, 1978) and their appearance is prevented in the total absence of sodium . Also, tetrodotoxin abolishes strophanthidininduced arrhythmias and the oscillatory potentials without abolishing the action potentials (Vassalle, 1975) . Lowering [Na] o increases [Ca 2+ ]i (see Mullins, 1979) . The fact that the oscillatory potential disappears shows the importance of sodium as the charge carrier. In fact, recently it has been demonstrated that the I os caused by strophanthidin reverses at about -5 mV, suggesting that the release of calcium responsible for the aftercontraction also increases the membrane conductance to sodium (Kass et al., 1978a (Kass et al., , 1978b .
The present results show that the I os recorded in the absence of cardiac steroids and the oscillatory transient inward current (TI) induced by cardiac steroids (Lederer and Tsien, 1976; Aronson and Gelles, 1977; Hiraoka, 1977; Kass et al., 1978a Kass et al., , 1978b ) are the same current. This is supported by the fact that many (but not all) of the characteristics of the Ios are present in the absence (present experiments) as well as in the presence of cardiac steroids. Thus, in both situations, the oscillatory current necessitates a previous depolarization in order to appear, and it is affected by the duration and amplitude of the depolarizing clamp pulse and by the value to which the potential is returned. Furthermore, in both situations, the oscillatory current can be separated from other known currents. The strongest argument in favor of I os and TI being the same current is that the I os recorded in the absence of strophanthidin is increased by adding strophanthidin (Fig. 15) . If these considerations point to the identity of the current seen by us and Lipsius and Gibbons in the absence, and by others (and us) in the presence, of cardiac glycosides, there are no reasons to assume that cardiac glycosides merely increase the current without modifying some of its characteristics. Thus, in the presence of strophanthidin, the oscillatory current appears after smaller depolarization (present experiments), in agreement with the fact tht in the presence of cardiac glycosides the oscillatory current appears after pulses positive to -60 mV (Aronson and Gelles, 1977; Hiraoka, 1977; Kass et al., 1978a) . Not only is the depolarization needed for the appearance of Ios shifted to more negative value, but the repolarization is shifted as well, since the presence of strophanthidin I os appears on repolarization to positive potentials (Kass et al., 1978a) and in its absence to a much more negative value (=: -40 mV, present results). Furthermore, I os is still rather large at -80 mV in the presence (Fig. 5 of Kass et al., 1978a) but not in the absence of strophanthidin, whereas an increase in [K + ] o had little effect in the presence of strophanthidin (Fig. 8 of Kass et al., 1978a) in contrast to our findings in Tyrode's solution. Although a too close comparison between the results obtained in the absence (present experiments) and in the presence of strophanthidin (Lederer and Tsien, 1976; Hiraoka, 1977; Kass et al., 1978a Kass et al., , 1978b Aronson and Gelles, 1977) is not possible due to several differences in the experimental approach (different holding potentials, different tissues, different calcium and potassium concentrations), still the results reported in the literature are consistent with the conclusions of our experiments, namely that strophanthidin not only enhances but also modifies the oscillatory current.
That indeed the oscillatory current is not a pharmacological phenomenon peculiar to cardiac glycosides is shown by the fact that it was obtained by others also in the absence of glycosides by either increasing [Ca 2+ ] o from 5.4 to 18 mM, or decreasing [Na + ] o (Kass et al., 1978a (Kass et al., , 1978b or [K + ] o to zero Lederer, 1979a, 1979b ). The oscillatory current has been attributed (Kass et al., 1978a (Kass et al., , 1978b Lederer, 1979a, 1979b) to an increase in intracellular calcium due to a Na + -K + pump inhibition, in agreement with the proposal of Aronson and Gelles (1977) . Our results show that the important factor is an increase in cellular calcium, irrespective of whether such an increase has been brought about by an inhibition of the pump or by other mechanisms. The question might be asked as to why I os has been seen by others in the presence of strophanthidin but usually not in the control runs. In this regard, it should be pointed out that different experimental conditions were used (such as higher [K + ] o ), but perhaps the use of higher magnification of the current trace might have contributed to uncovering the I os -
The relationship of the I os to certain cardiac arrhythmias is clear. Previous experiments have established that in the presence of cardiac glycosides the transient inward current is responsible for transient depolarizations which in turn may lead to repetitive activity (see Ferrier, 1977) . The present experiments show that a similar mechanism may be operative under conditions in which repetitive activity is induced by a short burst of fast drive. That a period of fast drive in the presence of norepinephrine induces or increases spontaneous discharge ("overdrive excitation") was demonstrated several years ago (Vassalle and Carpentier, 1972) . More recently, similar phenomena have been shown in the ventricle of the dog with recently induced AV block (Vassalle et al., 1976a , in isolated Purkinje fibers of the sheep (Wald et al., 1977) and dog (Valenzuela and Vassalle, 1978) , and in other cardiac tissues Cranefield, 1976, 1977; Saito et al., 1978) . In the presence of AV block, the induction of repetitive discharge by short bouts of fast drive was also favored by norepinephrine infusion, sympathetic stimulation, and calcium infusion (Vassalle et al., 1976b) . Thus, the oscillatory current is likely to be responsible for certain cardiac arrhythmias (triggered arrhythmias, Cranefield, 1975) under a variety of situations.
